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ABSTRACT: In this work we perform a computational study
comparing the inﬂuence of monovalent cation substitution by
methylammonium (MA+), cesium (Cs+), and rubidium (Rb+)
on the properties of formamidinium lead triiodide (FAPbI3)-
based perovskites. The relative stability of the desired,
photoactive perovskite α phase (“black phase”) and the
nonphotoactive, nonperovskite δ phase (“yellow phase”) is
studied as a function of dopant nature, concentration and
temperature. Cs+ and Rb+ are shown to be more eﬃcient in
the stabilization of the perovskite α phase than MA+.
Furthermore, varying the dopant concentration allows
changing the relative stability at diﬀerent temperatures, in
particular stabilizing the α phase already at 200 K. Upon Cs+
or Rb+ doping, the corresponding onset of the optical spectrum is blue-shifted by 0.1−0.2 eV with respect to pure FAPbI3.
A broad implementation of perovskite solar cells requires animprovement of perovskite light-absorber stability with
respect to phase transitions and chemical transformations under
operating conditions.1−3 Indeed, most of the currently
proposed materials (ex. FAPbI3, CsPbI3) are not thermody-
namically stable in the perovskite phase at room temperature,
and special preparation procedures and composition mod-
iﬁcations are required for stabilization.1,2 To this end, it has
been proposed to modify the perovskite by cationic or anionic
mixing. In particular, recent experimental and theoretical
studies suggested mixed Cs−MA, Cs−FA, and MA−FA4 as
alternatives to single-cation perovskite compounds.4−12 How-
ever, this mixing may still entail long-term instability where the
new compounds transform into nonperovskite phases which
are more stable at room temperature. Additionally, methyl-
ammonium (MA)-based perovskites are reported to suﬀer from
chemical decomposition/evaporation of organic cation and
halide segregation when operated under full illumination.13,14
Thus, reducing the amount or even fully replacing MA+ is
desirable. Ideally, a strict control over the phase composition of
the light-absorbers should be ensured already at the preparation
stage, i.e., the perovskite material should be clean from
admixture of nonperovskite phases. For these reasons, it is
essential to understand how modiﬁcations of the structure and
chemical composition impact phase stability and optical
characteristics. Indeed, multicomponent perovskite design can
enable a creation of stable structures with optimal transport and
optical properties.
In this study, we rationalize the eﬀects of MA+, Cs+, and Rb+
doping of FAPbI3 on the stability of the perovskite α phase with
respect to the nonperovskite δ phase and on the optical
properties. Both FAPbI3 and CsPbI3 form δ phases at room
temperature, while the α phase is only stable at higher
temperatures.2,15 For RbPbI3, only a δ phase is known, while an
α phase has not been reported.16 Finally, MAPbI3 exists in
several (orthorhombic, tetragonal, and cubic), perovskite
phases, while a δ phase has not yet been detected
experimentally.17
To study the relative stabilization of α with respect to δ
phase, we have performed simulations of a series of α and δ
structures, in which FA cations were successively substituted by
MA+, Cs+ or Rb+ ions, with concentrations ranging from 8.3,
16.7, 25.0, 33.3, 41.7 to 50.0%, that corresponds respectively to
1/12 − 6/12 dopant cations per unit cell. Structural relaxations
including cell parameters were performed for these series of α
and δ phase structures (Figure 1). Using a proper band
alignment, the energy diﬀerence between α and δ structures
constitutes a measure of the relative stability of the two phases
for a ﬁxed chemical composition at Zero-Kelvin (0K), while the
corresponding diﬀerence between the average internal energies
characterizes the relative phase stability at ﬁnite temperature.
In 0 K calculations of pure FAPbI3 and CsPbI3 phases, the δ
phase is lower in energy than the α phase, in agreement with
experimental observations according to which the low temper-
ature phase of these compounds is a δ phase, while the α phase
becomes stable only above 130−160 and 310 °C, respec-
tively.2,3,6,15
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In fact, at 0 K the calculated energy diﬀerences between α
and δ phases for pure FAPbI3 and CsPbI3 are 0.20 and 0.18 eV
per stoichiometric unit, respectively. Comparison of the
analogous energy diﬀerences between α and δ phases of the
MA+, Cs+, or Rb+ dopant series (Table 1) shows that
substitution by any of these cations leads to a monotonic
increase of the α phase stabilization as a function of dopant
concentration. Furthermore, it turns out that MA+ is less
eﬃcient in the stabilization of the perovskite phase as compared
to Cs+ and Rb+. In addition, at 0 K Cs+ provides a slightly better
perovskite stabilization at low concentrations (8−17%), while
at higher levels of doping (42−50%) Rb+ becomes more
eﬃcient (Table 1).
Even though these trends are evident from (static) 0 K
calculations, it is essential to understand how the ﬁnite
temperature dynamics of the system inﬂuences the relative
phase stability. Indeed, experimentally it is known that
perovskite phases are stable at high temperatures, while the δ
phase is preferred at low temperatures. In addition, in the case
of MA+ doped systems, the organic cation can rotate with
respect to the Pb−I framework producing a series of local,
energetically close lying minima that can be populated at ﬁnite
temperature. First-principles molecular dynamics simulations of
these systems can help to unravel the impact of temperature on
phase stability.
To characterize the temperature dependence, the ionic
dynamics of each system above was simulated at 200, 400, and
600 K, using Car−Parrinello molecular dynamics (CPMD).
The time-averaged relative potential energies of α and δ phases
are given in Table 1. In spite of the restrictions due to the
rather short simulation lengths and the limited statistics via
single MD runs, there are a number of signiﬁcant trends that
emerge. Potential energy curves as a function of time and
temperature for ﬁxed concentrations of MA+ demonstrate that
even at 600 K, low MA+ concentrations do not invert the
stabilization order of α and δ phases of FAPbI3 (Figure S1,
Supporting Information (SI)). Importantly, the simulations at
600 K allow to observe the rotation of MA cations already at
picosecond time scale, suggesting that the lack of stabilization is
not related to the hindrance of particular vibrational or
rotational modes. Only at 42−50% MA+ content do the
average relative energy values get closer (Table 1). At 200 K, α
and δ energy proﬁles stay well separated for all MA
concentrations investigated. This temperature dependence is
in line with that observed experimentally.1,10 The temperature
dependence of the internal energy of the system can be used to
estimate Cv in the given temperature range, and as a
consequence the variation of vibrational entropy. The analysis
for MA-doped systems shows a small Cv diﬀerence between α
and δ phases. It should be mentioned, that other processes
occurring at longer time scales, such as possible transformations
of methylammonium and/or formamidinium at higher temper-
atures, should be accounted for separately when assessing the
overall stability of mixed system.
The situation is diﬀerent for Cs+ and Rb+. The doping eﬀect
for stabilization of the α phase with respect to the δ phase is
visible already for small dopant concentrations. For higher
dopant concentrations (>25%), the energies of α and δ phases
approach each other closely already in a temperature range of
200−400 K. Importantly, at 42−50% of Cs+ or Rb+, the
energies of α and δ phases approach each other already at 200
K, unlike the case of 50% MA+ doping. This ﬁnding suggests
that a particular mixing ratio of Cs+/Rb+ and FA+ cations can
provide a thermodynamically stable perovskite phase at or even
below room temperature.
With this regard, it is interesting to analyze the stability of
mixed perovskite phases with respect to the pure phases. In
Table 2, we present the stabilization energies at 0 K with
respect to pure α and δ phases. The Cs-doped compounds are
stabilized with respect to α-FAPbI3 and high temperature cubic
Pm3 ̅m α-CsPbI3 perovskite structures. In contrast to the Rb-
doped systems that are slightly destabilized with respect to the
pure α-FAPbI3 and δ-RbPbI3 phases (using the δ phase of
RbPbI3 as a reference for the pure compound since no
perovskite phase has been reported for this system), this
destabilization may be attributed to the stabilization of δ-
Figure 1. Structures of pure FAPbI3 and mixed FAxCsyRbzPbI3 in α
and δ phases.
Table 1. Stabilization Energies (in eV Per Stoichiometric Unit) of Perovskite Phase with Respect to δ Phase (ΔEαδ = Eα − Eδ)
upon Doping of FAPbI3 by MA
+, Cs+, or Rb+a
MA Cs Rb
conc/T 0 200 400 600 0 200 400 600 0 200 400 600
8% 0.18 0.12 0.13 0.11 0.16 0.11 0.12 0.12 0.18 0.11 0.11 0.11
17% 0.16 0.12 0.12 0.13 0.15 0.10 0.10 0.10 0.16 0.09 0.09 0.07
25% 0.17 0.12 0.13 0.13 0.13 0.08 0.07 0.06 0.14 0.09 0.09 0.07
33% 0.14 0.09 0.09 0.08 0.11 0.05 0.04 0.03 0.12 0.04 0.03 0.02
42% 0.14 0.09 0.08 0.04 0.10 0.02 0.02 −0.01 0.09 0.00 0.00 0.00
50% 0.11 0.06 0.06 0.07 0.11 0.01 0.00 0.02 0.10 0.00 0.01 0.02
aThe values at 0 K represent the energy diﬀerence for the relaxed structures at 0 K. Values for 200−600 K correspond to the diﬀerence of the
average potential energies of α and δ phases after equilibration (averaged over 1 ps). The standard deviations from the mean energy values varies
between 0.01 and 0.03 eV, 0.05 and 0.06 eV, and 0.07 and 0.09 eV for 200, 400, and 600 K temperatures, respectively. Energies were aligned with
respect to the position of the Pb5d peak in the density of states of α and δ phases: ΔEαδ‑corrected = ΔEαδ− ΔEαδ_Pb 5d.8,18
The Journal of Physical Chemistry Letters Letter
DOI: 10.1021/acs.jpclett.6b03014
J. Phys. Chem. Lett. 2017, 8, 1191−1196
1192
RbPbI3 at 0 K. An analysis of the stability of perovskite phases
with respect to δ-FAPbI3, δ-CsPbI3, and δ-RbPbI3 phases
reveals the perovskite instability at 0K, which is in line with the
observed low temperature stability of δ phases. It should be
noted that inclusion of the mixing entropy improves the
stability of the α phase with respect to all nonperovskite phases.
This can be illustrated for example using the formation energies
of FA1−xRbxPbI3 phase (Figure 2).
The increased phase stability of Cs+ and Rb+ doped system
comes about with only a slight deterioration of the optical
properties. The absorption spectra for MA+, Cs+, and Rb+
doped compounds (Figure 3) are similar, even though MA+
(Figure 3a)-doped compounds provide a slightly better onset.
In all cases, the onset of the optical spectra is at maximum blue-
shifted by 0.1−0.2 eV (Figure 3). For Cs+ (Figure 3b) and Rb+
(Figure 3c), this blue shift increases monotonically with dopant
concentration and is more pronounced in the case of Rb+.
These results are in good agreement with experimental ﬁndings,
according to which Cs and Rb incorporation increases the band
gap.1,9,10
The fact that Rb+ at higher concentrations becomes more
eﬃcient for the stabilization of the α phase than Cs+, while at
lower concentrations Cs+ is a more eﬃcient dopant, suggests
that the doping by a mixture of Cs+ and Rb+ could have a
synergetic eﬀect on perovskite stabilization. To verify this
hypothesis, we have optimized mixed Cs+/Rb+-doped struc-
tures with total concentration of admixed cations varying in the
range of 25−50%.
At lower dopant concentrations of 25−33%, the presence of
Rb+ does not improve α phase stabilization as compared to the
same concentrations of exclusive Cs+ doping, which is in line
with the above observation of higher eﬃciency of Cs+ versus
Rb+ at their lower content (Table 3, Figure 4).
On the contrary, at 42−50% of Cs/Rb mixing the presence
of Rb allows to achieve an additional 10% stabilization with
Table 2. Stabilization/Destabilization of Mixed Cs−FA and
Rb−FA Perovskite Phases (in eV Per Stoichiometric Unit)
with Respect to Pure α and δ Phases at 0 Ka
Cs content, %
Eα‑mix − (1 − x)Eα(FA) −
xEα(Cs)
Eδ‑mix − (1 − x)Eδ(FA) −
xEδ(Cs)
8% 0.00 0.02
17% −0.01 0.01
25% −0.03 0.01
33% −0.04 0.02
42% −0.05 0.02
50% −0.06 0.01
Rb content, %
Eα‑mix − (1 − x)Eα(FA) −
xEδ(Rb)
Eδ‑mix − (1 − x)Eδ(FA) −
xEδ(Rb)
8% 0.02 0.00
17% 0.03 0.01
25% 0.04 0.03
33% 0.04 0.04
42% 0.03 0.05
50% 0.05 0.04
aFor RbPbI3, the δ-phase is always used as a reference since no
perovskite phase has been reported. α-CsPbI3 corresponds to the
perfectly cubic Pm-3m phase. For comparison, the mixing entropy
contribution TΔS even at 600 K does not exceed 0.04 eV/per
stoichiometric unit for 50% cation mixing.
Figure 2. Stabilization of FA1−xRbxPbI3 structures with respect to
FAPbI3 and RbPbI3 including the mixing entropy contribution.
Figure 3. Optical absorption spectra (imaginary part of dielectric
function ε) for MA+ (a), Cs+ (b), and Rb+ (c)-doped FAPbI3
structures as a function of dopant concentration.
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respect to “pure” Cs doping. Simulations of dynamics of these
systems at 200−600 K shows that in all cases the α−δ energy
diﬀerence is close to 0 (−0.01−0.02 eV). Thus, the relative
stability is unaﬀected by temperature and Cs:Rb ratio,
suggesting that the phase should be stable above 200 K and
that the ratio control over the Cs and Rb concentrations is
ﬂexible. For the last series with 50% of dopant we have
simulated the optical absorption spectra as a function of Cs/Rb
ratio. Figure 5a demonstrates the independence of the
absorption spectra on the ratio between Cs and Rb. Hence,
in the case of mixed Cs/Rb doping, the shift of the onset
depends only on the total concentration of the Cs/Rb type of
dopant and is insensitive to its ratio.
Concerning further improvements of the absorption spectra,
one would expect that MA+ doping has less impact than Cs or
Rb, as the band gap of MAPbI3 perovskite is closer to that of
FAPbI3. To compare the inﬂuence of MA
+, Cs+, and Rb+ on the
absorption spectra in the presence of each other, we simulated
perovskite structures with total dopant concentrations of 50%
and diﬀerent ratios of the three cations (Figure 5b).
Remarkably, the spectrum of the MA/Rb system has a larger
blue shift compared to MA/Cs and MA/Cs/Rb mixtures. Yet
the inﬂuence of MA on the absorption spectra is minor
compared to structures without it (Figure 5b). Consequently,
the presence of MA can be avoided in the mixed samples as it is
subject to chemical instability and is less eﬃcient for the
stabilization of α phase.
Interestingly, following the evolution of the unit cell volumes
as a function of Cs/Rb concentration, we notice that the
volumes of the α and δ phases approach each other upon an
increase of Cs/Rb concentration (Figure 6) within the trigonal
FAPbI3 framework. This evolution of cell volumes might have a
direct inﬂuence on the stabilization of the α phase and requires
further detailed investigation. Additionally, for the concen-
trations of dopant within FAPbI3 higher than 50%, other
possible crystallographic structures should be considered, as
FAPbI3 has a trigonal symmetry while the reported stable
perovskite phase of CsPbI3 is a cubic one.
Finally, it should be noted that our data are in line with
recently published experimental results on ternary Cs/MA/
FA10 and quaternary Rb/Cs/MA/FA1 systems. First, it has
been observed both experimentally1 and theoretically that Rb+
can stabilize the perovskite phase. Then, experimentally it is
shown that various emissive species are present in MAFA ﬁlms
before annealing, while RbCsMAFA ﬁlms are emissive in a
narrower range, suggesting that the initial crystallization
conditions for MAFA are less homogeneous than for
RbCsMAFA ﬁlms. Indeed, the X-ray diﬀraction patterns of
unannealed MAFA ﬁlms contain peaks of the “yellow” phase,
Table 3. Stabilization Energies (in eV Per Stoichiometric
Unit) of Mixed Perovskite α Phase with Respect to Mixed δ
Phase (ΔEαδ = Eα − Eδ) for Various Concentrations and
Ratios of Cs+ and Rb+ in FAPbI3
a
Cs+Rb = 25% Cs+Rb = 33% Cs+Rb = 42% Cs+Rb = 50%
% Rb ΔE ΔE ΔE ΔE
0 0.13 0.11 0.10 0.11
8.3 0.13 0.11 0.09 0.11
16.7 0.13 0.11 0.08 0.10
25.0 0.14 0.12 0.09 0.11
33.3 - 0.12 0.09 0.10
41.7 - - 0.09 0.10
50.0 - - - 0.10
aThe values represent the energy diﬀerence for relaxed structures at 0
K after alignment, with respect to the position of the Pb5d peak in the
density of states of α and δ phases: ΔEαδ-corrected = ΔEαδ −
ΔEαδ_Pb5d.
8,18
Figure 4. Graphical representation of perovskite phase stabilization
upon Cs and Rb mixing into FAPbI3 perovskite phase.
Figure 5. Optical absorption spectra (imaginary part of dielectric function ε) for mixed Cs/Rb and MA/Cs/Rb doped structures as a function of
Cs:Rb (a) and MA:Cs:Rb (b) ratios, respectively.
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absent in the case of unannealed RbCsMAFA.1 The same result
is found comparing the CsMAFA and MAFA systems: MAFA
compounds have traces of “yellow” FAPbI3 phase seen in the X-
ray spectra, while an addition of Cs helps to eliminate it.10 This
is in line with our theoretical observations presented here
according to which Rb and Cs doping is able to stabilize the
perovskite phase at lower temperatures than MA, thus
facilitating the formation of an unannealed precursor close to
a ﬁnal perovskite phase.
In conclusion, our ﬁndings suggest that the α perovskite
phase of FAPbI3 or CsPbI3 can be stabilized at ambient
temperature by choosing an appropriate mixing ratio of
monovalent cations, such as Cs or Rb. The onset of the
optical spectra of the corresponding systems blue-shifts by 0.1−
0.2 eV. Importantly, the demonstrated eﬃciency of Cs and Rb
in stabilizing the perovskite phase paves a way toward
replacement of organic cations in lead halide perovskites.
Finally, these ﬁndings may stimulate the future design of mixed
halide perovskites with predeﬁned properties, composed of
several major ionic components.
■ COMPUTATIONAL DETAILS
All simulations are performed with density functional theory
applying the PBE19 functional and periodic boundary
conditions in all three directions. The structural relaxations,
including the cell relaxation, are performed with the Quantum
Espresso package,20 using ultrasoft pseudopotentials21,22 for all
elements, except Rb, for which a norm-conserving pseudopo-
tential was used. Wave function and density cutoﬀs are 40 and
280 Ry, respectively. An automatically shifted 3 × 3 × 3 k-point
grid is used. The Car−Parrinello Molecular Dynamics23 is
accomplished using the CPMD code,24 with a wave function
cutoﬀ of 80 Ry in combination with Trouiller−Martins25 and
Goedecker normconserving26−28 pseudopotentials for C, H, N
and I, Pb, Cs, Rb species, respectively. A time step of 5 au was
used with a ﬁctitious electronic mass set to 800 au. The analysis
was performed on the trajectories of ∼1.2 ps, after an
equilibration phase of ∼1 ps. The temperature in the
simulations was set to 200, 400, and 600 K. It was controlled
by velocity rescaling with a 10 K tolerance. The initial kinetic
energy for each system was set in accordance with the
respective temperature to be maintained. The energies of α and
δ phases were aligned on the energy of the Pb5d semicore state,
as suggested by Meloni and co-workers.8,18 The optical
absorption spectra are simulated with LR-TDDFT using the
GPAW29 program, applying PAW-potentials30 and 4 × 4 × 4 k-
point set. The initial crystal structures are taken from a previous
study8 on mixed Cs-FA perovskite phases. Each structure
contained 12 stoichiometric units of FAPbI3 or its substituted
analogues.
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